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Abstract 
Global cereal production will need to increase by 50 to 70% to feed a world population of about 9 
billion by 2050. This intensification is forecast to occur mostly in subtropical regions, where warm 
and humid conditions can promote high N2O losses from cropped soils. To secure high crop 
production without exacerbating N2O emissions, new nitrogen (N) fertiliser management strategies 
are necessary. This one-year study evaluated the efficacy of a nitrification inhibitor (3,4-
dimethylpyrazole phosphate - DMPP) and different N fertiliser rates to reduce N2O emissions in a 
wheat-maize rotation in subtropical Australia. Annual N2O emissions were monitored using a fully 
automated greenhouse gas measuring system. Four treatments were fertilized with different rates of 
urea, including a control (40 kg-N ha-1 year-1), a conventional N fertiliser rate adjusted on estimated 
residual soil N (120 kg-N ha-1 year-1), a conventional N fertiliser rate (240 kg-N ha-1 year-1) and a 
conventional N fertiliser rate (240 kg-N ha-1 year-1) with nitrification inhibitor (DMPP) applied at top 
dressing. The maize season was by far the main contributor to annual N2O emissions due to the high 
soil moisture and temperature conditions, as well as the elevated N rates applied. Annual N2O 
emissions in the four treatments amounted to 0.49, 0.84, 2.02 and 0.74 kg N2O-N ha-1 year-1 
respectively, and corresponded to emission factors of 0.29, 0.39, 0.69 and 0.16% of total N applied. 
Halving the annual conventional N fertiliser rate in the adjusted N treatment led to N2O emissions 
comparable to the DMPP treatment but extensively penalized maize yield. The application of DMPP 
produced a significant reduction in N2O emissions only in the maize season. The use of DMPP with 
urea at the conventional N rate reduced annual N2O emissions by more than 60% but did not affect 
crop yields. The results of this study indicate that: i) future strategies aimed at securing subtropical 
cereal production without increasing N2O emissions should focus on the fertilisation of the summer 
crop; ii) adjusting conventional N fertiliser rates on estimated residual soil N is an effective practice to 
reduce N2O emissions but can lead to substantial yield losses if the residual soil N is not assessed 
correctly; iii) the application of DMPP is a feasible strategy to reduce annual N2O emissions from 
sub-tropical wheat-maize rotations. However, at the N rates tested in this study DMPP urea did not 
increase crop yields, making it impossible to recoup extra costs associated with this fertiliser. The 
3 
 
findings of this study will support farmers and policy makers to define effective fertilisation strategies 
to reduce N2O emissions from subtropical cereal cropping systems while maintaining high crop 
productivity. More research is needed to assess the use of DMPP urea in terms of reducing 
conventional N fertiliser rates and subsequently enable a decrease of fertilisation costs and a further 
abatement of fertiliser-induced N2O emissions. 
 
Keywords: Nitrous oxide emissions, wheat-maize rotation, N fertiliser management, nitrification 
inhibitor, automated greenhouse gas measuring system. 
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1 Introduction 
Agricultural soils play a fundamental role in the increase of nitrous oxide (N2O) in the 
atmosphere, contributing approximately to 50% of the global anthropogenic N2O emissions (IPCC, 
2001). The environmental relevance of increasing concentrations of N2O in the atmosphere resides 
both in the elevated global warming potential of N2O (296 CO2-eq over a 100 year time horizon) and 
its contribution to the depletion of the ozone layer in the stratosphere (Ravishankara et al., 2009). 
The increase of N2O emissions from agricultural soils is directly connected to the increment in 
worldwide nitrogen (N) fertiliser use (Bouwman, 1990; Kroeze et al., 1999). About 60% of 
worldwide N fertiliser is presently used to crop cereals (Ladha et al., 2005). However, more fertilizer 
N is expected to be used in cereal cropping systems to meet the grain demand of 9 billion people in 
2050 (Ladha et al., 2005; UNFPA, 2011). This intensification of cereal production is forecast to occur 
mostly in subtropical regions (IPCC, 2007), where warm and humid conditions can promote high 
N2O losses from fertilised soils (Bouwman et al., 2002). New fertiliser management strategies are 
necessary to secure future subtropical cereal production without increasing N fertiliser use and 
therefore N2O emissions.  
Conventional N fertiliser rates used in subtropical cereal systems are defined without taking into 
account the N left in the soil profile by the previous crop (called residual soil N). Many studies have 
observed that the proportion of N2O losses as a function of N fertiliser rates rise in nonlinear patterns 
when soil N amounts exceed plant need (Van Groenigen et al., 2010; Grace et al., 2011). The 
application of excessive amounts of fertiliser N rates can be avoided by taking into account site-
specific conditions affecting residual soil N, such as crop management and crop rotations (Dobermann 
and Cassman, 2002; Pampolino et al., 2007). Conventional N fertiliser rates can be therefore adjusted 
to actual crop needs taking into account the amount of N left by the previous crop. As a result, our 
first hypothesis in this study was that by reducing conventional N rates after accounting for residual 
soil N, N2O emissions can be abated without significantly penalizing yields. 
The second hypothesis of this research was that N2O emissions generated by the application of 
conventional fertiliser rates can be reduced by nitrification inhibitors. The application of nitrification 
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inhibitors to urea-based fertilisers has been shown to decrease N2O emissions both directly, via 
slowing the nitrification rates and, indirectly, by reducing the amount of NO3- available to denitrifying 
bacteria (Linzmeier et al., 2001; Hatch et al., 2005; Suter et al., 2010). Among nitrification inhibitors, 
3,4-dimethylpyrazole phosphate (DMPP) has been reported by many authors as the most efficient in 
slowing nitrification and reducing N2O losses (Weiske et al., 2001a; Weiske et al., 2001b; Liu et al., 
2013).  
However, the vast majority of data on N2O emissions from fertilised cereal systems refer to 
temperate regions or laboratory conditions and the efficacy of these fertilisation strategies in reducing 
N2O emissions in subtropical environments still remains unknown. The efficiency of DMPP in 
reducing N2O emissions from urea can be strongly influenced by site-specific conditions such as soil 
temperature and soil water content (Chen et al., 2010; Menéndez et al., 2012). 
The overall aims of this study were therefore to: i) determine whether a reduction in conventional 
N fertiliser rates according to local crop history can reduce N2O emissions without affecting crop 
yields; ii) evaluate the effects of DMPP urea applied at conventional rates on N2O emissions and crop 
yields; iii) improve the understanding of environmental factors influencing N2O emissions from 
subtropical cereal cropping systems. 
N2O emissions from a wheat-maize crop rotation in subtropical Queensland (Australia) were 
monitored for one year using a fully automated greenhouse gas measuring system. Both crops were 
fertilized with different rates of urea, including a control, a conventional N fertiliser rate adjusted 
according to estimated residual soil N, a conventional N fertiliser rate and the conventional rate with 
DMPP urea. 
This is the first study to report annual N2O emissions from a cereal cropping system under 
subtropical conditions, the results of which will help defining fertilisation strategies aimed at reducing 
N2O emissions from subtropical cereal cropping systems while maintaining high crop productivity.  
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2 Materials and Methods 
2.1 Study site 
Annual N2O fluxes were measured from wheat (July to November 2011) in rotation with maize 
(December 2011 to June 2012) at the J. Bjelke Petersen Research Station of the Department of 
Agriculture, Fisheries and Forestry (DAFF). The research site is located in Taabinga (26°58’16,8’’ 
Latitude South, 151°82’85.3’’ Longitude East, altitude 441 m a.s.l), near Kingaroy, in the southern 
inland Burnett region of southeast Queensland, Australia. The climate is classified as subtropical, with 
warm, humid summers and mild winters, with frequent frosts occurring between June and August. 
Daily mean maximum and minimum temperatures are 20.1°C and 4.0°C in winter and 29.6°C and 
16.5°C in summer, respectively. Mean annual precipitation is 776.2 mm and varies from a minimum 
of 28.6 mm in August to a maximum of 114.1 mm in January (Australian Bureau of Meteorology). 
The soil is classified as a Brown Ferrosol (Australian Soil Classification, Isbell (2002)), is slowly 
permeable, with a high clay content (50-65% clay) in 1.4 m of effective rooting zone and a water 
holding capacity of 100 mm. Physical and chemical soil properties are listed in Table 1. 
2.2 Experimental design 
The field trial was a randomized complete block design with three replicates per treatment. Each 
plot measured 13 m in length x 6 m in width, with crop rows oriented NNW-SSE. To avoid edge 
effects, each plot was separated by a buffer of 6 m and 0.8 m along the width and length, respectively.  
The field was cropped to wheat (Triticum aestivum L., cultivar Hartog) from 8 June to 27 
November 2011 and to maize (Zea mays L., cultivar 32P55) from 20 November 2011 to 20 June 
2012. Local farmer practice was followed and during the early stages of crop development the entire 
field trial was sprinkler irrigated with surface stored dam water. All treatments received the same 
amount of water simultaneously at each event. As reported in Table 2, throughout the duration of the 
experiment four fertilization treatments were tested:  
• Control test (CNT): no N fertiliser applied to wheat, urea (prills) applied at rate of 40 kg N ha-1 to 
maize to guarantee a minimum crop establishment. 
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• Conventional N fertiliser rate adjusted according to estimated residual soil N (CONV-ADJ): urea 
(prills) applied at rates of 20 and 100 kg N ha-1 to wheat and maize, respectively. Seasonal rates 
were defined to avoid the build-up of high levels of soil N following fertilization events and to 
obtain average crop yields. The annual fertiliser rate was reduced to half of the conventional 
treatment. 
• Conventional fertiliser rate (CONV): urea (prills) applied at rates of 80 and 160 kg N ha-1 to wheat 
and maize, respectively. Rates were similar to local farmer practice and designed to achieve 
maximum yield potential. 
• Conventional fertiliser rate using urea coated with DMPP nitrification inhibitor (CONV-DMPP): 
urea applied at rates of 80 and 160 kg N ha-1 to wheat and maize, respectively. In each season 
DMPP urea was only applied at top dressing (60 kg N ha-1 to wheat and 120 kg N ha-1 to maize), 
when higher amounts of seasonal N were applied to the crop. DMPP urea, commercially available 
as Entec® (Incitec Pivot fertiliser, Australia) was applied as prills. 
The decision of applying DMPP urea only at top dressing was due to the high cost of this product. 
Since coating urea with DMPP added an extra cost of $39 ha-1 compared to using conventional urea, a 
double application was not considered economically viable as standard farming practice. For this 
reason, DMPP urea was only used at top dressing, when the bulk of fertilizer N was applied to the 
crop. 
Wheat season 
The cropping history for the five years before the commencement of this experiment is listed 
below (seasons and yields are reported within brackets): Peanuts (Arachis hypogaea L., summer 
2005/2006, 1.5 t ha-1), peanuts (summer 2006/2007, 1.4 t ha-1), maize (Zea mays L., 2007/2008, 3.1 t 
ha-1), peanuts (summer 2008/2009, 1.5 t ha-1), barley (Hordeum vulgare L., winter 2009, crop not 
harvested, all 1.3 t ha-1 of biomass ploughed in), maize (summer 2009/2010, 3.0 t ha-1) and mungbean 
(Vigna radiata L., summer 2010/2011, 0.66 t ha-1). Before sowing wheat, mungbean residues were 
incorporated and the seed bed was prepared with three cultivations: chisel plough (20 cm), offset discs 
(20 cm) and rotary hoe (15 cm). 
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Wheat was planted 6 July (inter-row 15 cm, intra-row plant space 9 cm, seed planting density of 
140 seeds m-2) and harvested 29 November 2011. Emergence was observed 20 July 2011 with an 
average plant density of 125 plants m-2 while anthesis started 6 October 2011. Average soil mineral N 
content prior to planting (0-30 cm) was approximately 60 kg N ha-1 across the field trial (Figure 2a 
and Figure 2b). Taking into account an average N content of 1.5% in the stover (Bushby and Lawn, 
1992; Thomas et al., 2004), it was estimated that the incorporation of 1.32 t ha-1 of mungbean residues 
would have provided a further 20 kg N ha-1 to the soil. Although it was estimated that a total of 80 kg 
N ha-1 would have been available to the crop throughout the wheat season, a conservative approach 
was taken and the N fertiliser rate in the CONV-ADJ treatment was cut by 60 kg N ha-1 (75%) 
compared to CONV. Over the season the plots were irrigated on four occasions: 40 mm on 11 August, 
21 mm on 15 September, 30 mm on 27 September and 45 mm on 5 October.  
At planting treatments CONV-ADJ, CONV and CONV-DMPP received 20 kg N ha-1 by banding 
110 kg of Diammonium Phosphate (DAP, 18-20-0). The CNT treatment was instead base dressed 
with 100 kg ha-1 of Triple Super Phosphate (TSP, 0-46-0) to supply a source of phosphorus without 
adding N. At booting stage the CONV and CONV-DMPP treatments were manually top dressed with 
60 kg N ha-1 to meet maximum yield potential. The two treatments were broadcasted with 
conventional urea and DMPP urea, respectively. Since chambers were moved every two weeks to a 
different frame (see section 2.3), at top dressing the exact proportion of urea was weighed separately 
and then manually distributed within all frames of the CONV and CONV-DMPP treatments. 
Fertilization and irrigation amounts and timing are shown in Table 2. 
Maize season 
After the wheat harvest all residue was slashed and mulched. The entire trial field was broadcasted 
with lime (2500 kg ha-1) before being cultivated with chisel plough (to 20 cm), offset discs (20cm) 
and rotary hoe (15 cm). The seedbed was finally prepared with offset discs (20 cm) and tyned harrows 
after being spread with muriate of potash (120 kg ha-1). Maize was planted 15 December 2011 with an 
inter-row of 93 cm (intra-row plant space 23 cm, seed density: 6 seeds m-2) and irrigated on two 
occasions: 26 mm on 5 January and 40 mm on 23 January (Table 2). Emergence was first observed 22 
December 2011 at a density of 5 plants m-2 while tasseling started 13 February 2012.  
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Due to the high initial N requirement of maize, supplying no N to this crop during the early stages 
of crop development could potentially have caused an uneven or poor crop establishment. For this 
reason, a zero N treatment was not considered possible and all treatments (including control) were 
base dressed by banding 40 kg N ha-1 with monoammonium phosphate (32-8-0, Incitec Pivot 
fertiliser). At the end of the wheat season the average soil mineral N content (0-30 cm) in the CONV-
ADJ plots was approximately 35 kg N ha-1 (Figure 2a and Figure 2b) and the wheat straw contained 
an average N content of 0.48%. It was estimated that the mineralisation of the 5.3 t ha-1 of wheat 
residues incorporated in the soil before planting maize would have provided an extra 25 kg N ha-1 
throughout the maize season. A total of 60 kg N ha-1 was therefore expected to become available to 
the maize plants during the cropping season. During the maize season the N fertiliser rate in the 
CONV-ADJ treatment was cut by 60 kg N ha-1 (40%) compared to CONV to better evaluate the 
feasibility of reducing the fertiliser N rate in accordance with estimated residual soil N. 
At V10 physiological stage (beginning of tenth leaf) treatments CONV-ADJ, CONV and CONV-
DMPP were side dressed and inter-row cultivated to supply N during the period of maximum crop 
demand (Miller et al., 1975; Binder et al., 2000): CONV-ADJ received 60 kg N ha-1 using 
conventional urea while 120 kg N ha-1 was applied to the CONV and CONV-DMPP treatments using 
conventional urea and urea coated with DMPP, respectively. The crop was harvested 20 June 2012. 
2.3 Continuous N2O measurements 
During each cropping season N2O measurements were automatically taken using one acrylic 
sampling chamber per plot. During the wheat season the chambers were located randomly inside each 
plot since the crop inter-row (15 cm) was smaller than the chamber side (50 cm). This approach was 
not possible with maize, where the crop inter-row was 90 cm, so to provide a good representation of 
the soil spatial variability the chamber placement was based on the methodology established by Kusa 
et al. (2006) and Parkin and Kaspar (2006). For each treatment two of the three replicate chambers 
were positioned over the crop row and the third one in the inter row. Chambers were positioned over 
the crop row to guarantee the banded fertilizer (4 cm from the plant row) was included in the chamber 
area. 
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Each chamber measured 50 cm x 50 cm x 15 cm and was clipped via a rubber seal to stainless steel 
frames inserted 10 cm into the ground. The chambers were equipped with lids operated by pneumatic 
pistons and connected to a fully automated system composed of a sampling unit and a gas 
chromatograph. During a normal measurement cycle (60 min) one set of four chambers closed at one 
time and four gas samples were taken from each chamber at 15 min intervals. The chambers were 
reopened at the end of the cycle and the next replicate set of four chambers closed to be sampled. A 
full measuring cycle of twelve chambers took 180 min to complete, allowing up to 8 single fluxes to 
be determined per chamber per day. The air samples taken from each chamber were automatically 
pumped through a 3 ml sample loop and injected into a gas chromatograph (Model 8610C, SRI 
Instruments, USA) equipped with a 63Ni electron capture detector (ECD) for N2O analysis. A column 
filter containing sodium hydroxide-coated silica (Ascarite, Sigma-Aldrich, St. Louis, MO, USA) was 
installed upstream of the ECD to adsorb CO2 and water vapour that could interfere with N2O 
measurements. The system was automatically calibrated twelve times every measurement cycle by a 
single point calibration using certified gas standard of 500 ppb N2O (BOC –Munich, Germany- and 
Air Liquide –Dallas, TX, USA). A multi-point calibration was performed using certified gas standards 
of 500, 980, 5030 ppb N2O (BOC –Munich, Germany) and the GC response over this range was 
determined to be linear. 
The detection limit of the system with and without chamber extensions, based on the methodology 
described by Parkin et al. (2012), was approximately 2 and 0.5 g N2O-N ha-1 day -1 for N2O. The 
design and operation details of the automated gas measuring system can be found in Scheer et al. 
(2013) and Rowlings et al. (2012). The whole system was constantly checked for leaks throughout 
each season, making the sample dilution due to leakage negligible.  
Chambers were programmed to open if a rain event exceeded 5 mm or the internal air temperature 
within the chamber exceeded a threshold value of 55 °C. During irrigation events the system was 
stopped and all chamber lids were opened to allow water to reach the soil surface covered by the 
chambers. The measuring system was deployed immediately after planting at the beginning of each 
cropping season and temporarily withdrawn to permit farming operations.  
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During the wheat season, the chamber height was increased to 75 cm using clear acrylic extensions 
to accommodate the crop growth. This strategy was not applicable during the maize season, when 
plant size exceeded the extension height. The plant inside each chamber situated in the inter row was 
therefore cut over the brace roots at V1 stage, as practiced in other studies (Drury et al., 2008; 
Halvorson et al., 2008; Hu et al., 2013).  
Chambers were relocated to another position within the plot every two weeks, a practice 
recommended by several authors (Barton et al., 2011; Scheer et al., 2012; Liu et al., 2013) to 
minimize the impact of the chamber on plant growth and soil processes. To meet this requirement, 
two different strategies were adopted for the two seasons. During the wheat season two frames were 
located in each plot and chambers were shifted between the two frames every two weeks. During the 
maize season cutting the plant inside the chamber over the crop row was considered to have marginal 
impacts on soil C and N dynamics. The practice was limited to the plant inside the chamber while 
plants adjacent the chambers were left undisturbed. Nevertheless, to further reduce the possible side 
effects of this practice during the entire maize season, chambers and frames were moved to a 
completely new position every two weeks. 
2.4 Ancillary measurements 
Chamber air temperatures and soil temperatures (buried at 10 cm, 20 cm, 30 cm in the proximities 
of three chambers) were measured every 5 minutes using resistance temperature detectors (RTD, 
Temperature Controls Pty Ltd, Australia). The soil moisture content of the top 10 cm of soil was 
measured every 30 minutes with four time domain reflectometers (TDR, MP406 probes, ICT 
International, Australia) buried inside the measuring chambers. Four frequency domain reflectometers 
(FDR, EnviroScan probes, Sentek Sensor Technologies, Australia) were installed at the field site to 
assess the water dynamics throughout the soil profiles. After calibration, the FDR were inserted in the 
ground to measure the volumetric soil water content at three depths (0-10 cm, 10-20 cm, 20-30 cm) at 
30 minute intervals. Water-filled pore space (WFPS) was determined for each depth using a particle 
density of 2.79 g cm-3 and the bulk density was calculated by the arithmetic mean of four samples 
collected at the beginning of each season.  
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At the beginning and end of each cropping season soil cores were collected from every plot with a 
manual open-faced bucket auger (10 cm diameter) at three depths (0-10, 10-20, 20-30 cm) and 
analysed for texture (hydrometer method as described by Carter and Gregorich (2008)), total carbon 
(C%) and total nitrogen (N%) (TruMac Series Macro Determinator, LECO Corporation, St Joseph, 
MI, USA), pH, Cation Exchange Capacity (ICP, Varian Vista-MPX), NH4-N and NO3-N. NH4+ and 
NO3- were extracted from the soil samples by adding 100 mL of 1M KCl to 20g of soil and shaking 
the solution for 1 hour. The solution was then filtered and stored in a freezer until analysed 
colorimetrically for NH4-N and NO3-N using an AQ2+ discrete analyser (SEAL Analytical WI, 
USA). Routine soil sampling was conducted every two weeks during each season. Soil samples were 
taken at three depths (0-10, 10-20, 20-30 cm) and analysed for NH4-N and NO3-N. At harvest, grain 
yield was measured in each plot by harvesting two strips 1.65 m wide for the plot length using a plot 
combine. Total N content of grain, wheat straw and maize stover samples was measured using a 20-22 
isotope ratio mass spectrometer (Sercon Limited, UK). 
2.5 Calculations and statistical analysis 
N2O fluxes were calculated to determine the slope of the linear increase or decrease in gas 
concentration during the 60 minutes of chamber closure period using the method described by Burton 
et al. (2008). The obtained data were corrected for internal air temperature, atmospheric pressure and 
ratio of chamber volume and soil area. Measurements were quality-checked using the Pearson 
correlation and fluxes above the detection limit discarded if the regression coefficient (r2) was < 0.80. 
For each treatment, mean daily N2O fluxes [g N2O-N ha-1 d-1] were calculated performing a weighted 
average of the two chambers over the crop row and the chamber placed in the inter row. Cumulative 
N2O fluxes [kg N2O-N ha-1] were determined by summing the mean daily N2O fluxes for each 
season, and for the entire study period.  
Daily N2O fluxes missing due to occasional failures of the measuring system, and between wheat 
harvest and maize planting, were simulated using the Amelia II multiple imputation model (Honaker 
and King, 2010) using daily values of WFPS (0-10 cm, 10-20 cm and 20-30 cm) and mineral N 
content (0-30 cm). Statistical analyses were performed within the R 2.15 environment (R 
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Development CoreTeam, 2008). The temporal patterns of daily N2O emissions were analysed with 
the autoregressive integrated moving average (ARIMA) model to assess differences between 
treatments (Box and Pierce, 1970). The Tukey post hoc test was used to compare cumulative N2O 
emissions and N2O emissions occurred after top dressing, while yields were compared with the 
Bonferroni test. Correlations between N2O emissions and soil parameters were examined with the 
Pearson correlation analysis.  
Emission factors, expressed as a percentage of N fertiliser lost as N2O, were corrected for 
background emissions by subtracting the total amount of N2O-N lost in the unfertilized treatment 
from the total N2O-N emitted by each fertilized treatment (IPCC, 1997). For the maize season, where 
an unfertilized treatment was not present, seasonal background emissions were estimated using the 
methodology described by Liu et al. (2010). The cumulative emissions from a hypothetical 
unfertilized soil were estimated using the seasonal N2O fluxes of the CNT treatment minus those 
emissions exceeding 1 g N2O-N ha-1 d-1 that were measured during the 16 days after 21 January 2012. 
Emissions during this time gap were simulated using the Amelia II multiple imputation model fed 
with a dataset including soil temperatures and WFPS values (0-10 cm, 10-20 cm and 20-30 cm) for 
the whole season, plus N2O fluxes and mineral N contents (average 0-30 cm) measured prior to, and 
16 days after 21 January 2012. The model was calibrated for site-specific conditions using measured 
annual N2O fluxes, Mineral N contents, soil temperatures and WFPS values from all treatments. To 
validate the precision of the calibrated model in predicting missing N2O emissions, 16 day gaps were 
simulated in the other treatments. Simulated emissions in all treatments fell within the confidence 
interval calculated with the ARIMA model. The overall seasonal emissions from the unfertilized 
maize field, estimated to be 0.12 kg-N ha-1, are confirmed by similar studies (Cai et al., 2002; Pelster 
et al., 2011). 
3 Results 
3.1 Environmental and soil conditions 
The weather conditions recorded during this study, characterized by cool dry winters (June-
August) and hot humid summers (December-February), were in line with the historic subtropical 
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climate. Soil conditions were substantially warmer and moister during the summer season, especially 
at the beginning of the maize season (Figure 1). 
Throughout the wheat season soil NH4+ levels in the CNT and CONV-ADJ treatments varied little 
(Figure 2a). Soil NH4+ levels in the CONV and CONV-DMPP treatments were similar to those of the 
CNT and CONV-ADJ treatments until top dressing, after which they increased to 64.6 and 82.1 kg N 
ha-1, respectively. Soil NO3- contents in all treatments were relatively high at planting (average 35.6 
kg N ha-1) and did not vary substantially over the course of the wheat season (Figure 2b). 
Soil NH4+ levels were similar across all treatments at the beginning of the maize season. NH4+ 
levels in CONV-ADJ and CONV peaked within 10 days from side dressing, while in CONV-DMPP 
culminated 20 days later (Figure 2c). Soil NO3- levels varied little across treatments during the entire 
season, with the exception of the CONV treatment, where NO3- concentrations reached the seasonal 
maximum 20 days after side dressing (Figure 2d). 
3.2 N2O emissions  
Throughout this one-year experiment an average of 5600 valid N2O fluxes for each treatment were 
obtained. Patterns and magnitudes of N2O emissions varied significantly over time in response to 
seasonal weather and soil conditions, N fertilization rates and fertiliser type.  
During the wheat season N2O emissions varied little across treatments. Two “emissions pulses” 
occurred in all treatments before top dressing in response to a rainfall event (July 16, 12 mm) and an 
irrigation event (August 11, 40 mm). A third, more sizeable emission pulse was measured in CONV 
and CONV-DMPP after September 15, when the entire trial was irrigated with 21 mm and the two 
treatments were top dressed with 60 kg N ha-1 (Figure 3a).  
N2O emissions over the maize season showed a more pronounced increase corresponding to 
increased N fertiliser rates (Figure 3b). Daily fluxes following base dressing, when all treatments were 
fertilized with 40 kg N ha-1, remained relatively low (<10 g N ha-1 day-1) and did not vary significantly 
between treatments. In the ten days following side dressing a total of 172 mm of rain fell over the 
trial, causing soil WFPS in the first 30 cm to stay over 80% for 5 consecutive days. N2O emission 
dynamics differed significantly across treatments after this event. In the CNT treatment a relatively 
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minor peak (<17 g N ha-1) lasted for 16 days. The highest N2O fluxes in CONV-DMPP were similar 
to those measured in CONV-ADJ. In the CONV-DMPP treatment high fluxes lasted for 9 days, 
whereas in CONV-ADJ persisted for 21 days. In the CONV treatment N2O emissions continued to 
increase until mid-February, to a maximum of 73.2g N ha-1 day-1. Emissions in the CONV treatment 
returned to background levels by mid-March 2012. After that event, daily N2O emissions in all 
treatments never exceeded 0.6 g N ha-1 day-1 despite several rain events in April, May and June 2012.  
In the wheat season cumulative emissions from the CONV treatment only were significantly 
higher than those measured in the other treatments (Table 3). The time series analysis showed that 
N2O emissions in the CONV and CONV-DMPP treatments were significantly higher than those in 
CNT and CONV-ADJ only during the 10 days following top dressing. No significant difference was 
detected when comparing the CONV and CONV-DMPP treatments. The N2O losses from the CONV 
treatment in maize were significantly higher than in the other treatments, while N2O fluxes observed 
in the CONV-DMPP treatment did not differ significantly from those in CONV-ADJ (Table 3). The 
temporal pattern of N2O emissions in the CONV treatment differed significantly from the others only 
during the 40 day emission pulse following side dressing. Compared to the CNT treatment, a 
significant difference in N2O emissions from CONV-ADJ and CONV-DMPP was limited to the first 
20 days of emission pulse. Annual N2O emissions (inclusive of the 22 days between wheat harvest 
and maize planting) and emissions factors are also reported in Table 3. 
3.3 Plant yields and plant N contents 
There was no distinct treatment effect on yields during the wheat season (Table 3). In contrast, the 
Bonferroni test revealed a significant (p < 0.01) linear response of maize grain yield to increasing N 
fertiliser application. In both crops the addition of DMPP to urea did not affect grain yields compared 
to the same rate with conventional urea (Table 3). Annual grain yields in the CONV treatment were 
similar to those in CONV-DMPP and both were significantly higher (p < 0.05) than those in CNT and 
CONV-ADJ. N content in grain and plant tissues did not differ significantly across treatments. Total 
plant N uptake values measured for the four treatments during the two seasons are reported in Table 3.  
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4 Discussion 
4.1 Factors influencing N2O emissions in wheat and maize 
In this study N2O fluxes occurred during the maize season were the main contributor to annual 
emissions in all treatments except CNT (Figure 4a), accounting for 46, 77, 80 and 67% of total N2O 
losses in CNT, CONV-ADJ, CONV and CONV-DMPP, respectively (Table 3). The higher N2O 
emission measured in maize can be explained considering the different soil physical conditions and N 
fertiliser rates compared to the wheat season. That is, during the wheat season when CONV and 
CONV-DMPP were top dressed with 60 kg N ha-1, soil temperature was 14.8 °C and WFPS was 
40.3%, while in the maize season, when CONV and CONV-DMPP were side dressed with 120 kg N 
ha-1, soil temperature was 25.8 °C and WFPS was 64.9 % (Figure 4b). Daily N2O emissions 
correlated mainly to soil NO3- and NH4+ contents and, to a lesser extent, soil temperature, WFPS and 
rainfall/irrigation events (Table 4). Therefore, the warmer and moister soil conditions after the side 
dressing of maize, together with the higher NO3- and NH4+ levels, would have significantly stimulated 
the activity of nitrifying and denitrifying bacteria. That is, after top dressing wheat with 60 kg N ha-1 
(CONV) the N2O losses occurring during the subsequent emission pulse amounted to 72.9 g N2O-N 
ha-1. In summer instead, after side dressing CONV-ADJ with the same amount of N total N2O losses 
amounted to 524 g N2O-N ha-1. These results highlight the importance of the summer season in 
determining annual N2O emissions in subtropical cereal systems and suggest that fertilisation 
strategies designed to secure subtropical cereal production without increasing N2O emissions should 
focus on the fertilisation of the summer crop.  
Average N2O emissions measured during this study were at the lower end of reported emissions 
from wheat (Pathak et al., 2002; Bhatia et al., 2010; Scheer et al., 2012; Hu et al., 2013; Liu et al., 
2013) and maize (van Groenigen et al., 2004; Ding et al., 2007; Liu et al., 2011; Liu et al., 2013). 
Only Pathak et al. (2002); Bhatia et al. (2010); Scheer et al. (2012) and Ding et al. (2007) however 
measured N2O emissions under subtropical conditions. The low emissions can be attributed mainly to 
the smaller N rates applied in this study and to the limited availability of soil organic carbon at the 
experimental site. Nitrification and especially denitrification rates are tightly connected to soil labile 
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carbon content and numerous studies have identified this parameter as a key factor regulating N2O 
production (Bouwman et al., 2002; De Wever et al., 2002; Khalil et al., 2002). Soil organic carbon 
levels are low in the study region as a consequence of intensive conventional farming practices (Bell 
et al., 1995) and elevated temperatures associated with high soil moisture levels during the summer 
months, factors that can significantly accelerate SOC mineralization (Mann, 1986; West and Post, 
2002; Lal, 2004). Accordingly, the soil N2O emissions measured in maize during this experiment 
where in close agreement with those reported for cotton by Sheer (2012) in an experiment conducted 
in Australia on a soil with similar carbon contents. 
4.2 Effects of reduced N fertiliser rates on N2O emissions and yields 
Compared to the CONV treatment, the reduced N fertiliser application in the CONV-ADJ 
treatment decreased N2O emissions by almost 60% both in wheat and maize. On the other hand, the 
two crops reacted differently to the reduction of N fertiliser. Despite a 75% reduction of applied N 
compared to the CONV treatment, wheat grain yields in CONV-ADJ were comparable to those in 
CONV. In maize instead, a reduction of 40% in N fertiliser corresponded to approximately a 30% 
decrease in grain yield (Table 3). 
At the experimental site mungbean residues were incorporated in the soil a few weeks before the 
sowing of the wheat trial. Predictably, this increased the soil organic N that would have been slowly 
mineralized, compensating for the N deficiency observed in the CNT and CONV-ADJ treatments. 
This hypothesis would also explain the high NO3- contents that were measured across all treatments in 
the first two months of the wheat season (Figure 2b). The high crop productions measured in CONV-
ADJ during wheat can therefore be attributed mostly to the mineralization of plant residue of the 
previous legume crop.  
Even though the percentage reduction of fertiliser N in the maize CONV-ADJ treatment was 
smaller than in wheat, it ultimately proved excessive and the maize yield was severely restricted. This 
was due to an overestimation of the availability of the soil residual N during the first stages of the 
maize season. The high C/N ratio of the wheat straw potentially caused a substantial microbial 
immobilisation of both soil mineral N and applied N (Van Den Bossche et al., 2009), leaving the 
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maize plants without an adequate N supply during the early stages of crop growth. This is supported 
by the lack of increase in soil NO3- and NH4+ contents observed in all treatments during the period 
following base dressing (Figure 2c and Figure 2d). 
The reduction of N fertiliser tested in wheat was therefore well calibrated, but excessive in maize. 
These results indicate that there can be substantial scope for reducing conventional N fertiliser rates in 
cereals following a legume crop. However, the possible immobilisation of substantial amounts of soil 
N has to be taken into account when planting a cereal after a crop with high C/N residues. Further 
research would be useful to investigate whether conventional N fertiliser rates in maize could be 
reduced to a lesser extent to abate N2O losses without affecting yields. 
4.3 Effects of DMPP application on soil mineral N and N2O emissions  
The application of DMPP urea influenced the dynamics of mineral N in the soil profile (0-30 cm)., 
In both seasons the use of DMPP urea in the CONV-DMPP treatment compared to CONV inhibited 
the oxidation of NH4+ to NO3- and consequently extended the longevity of N fertiliser in the NH4+ 
form (Figure 2a and Figure 2c). However, soil NO3- contents in CONV-DMPP differed substantially 
from those in the CONV treatment only in the maize season. The low soil temperature and moisture 
conditions during the wheat season might have retarded nitrification, leading to a gradual release of 
NO3- in the CONV treatment as well. Taking into account also the small quantity of N applied, in 
both CONV and CONV-DMPP treatments plants might have been able to efficiently uptake most of 
the NO3- and thus prevent its accumulation in the soil profile. This hypothesis is supported by the 
N2O emissions measured in CONV and CONV-DMPP after top dressing, which remained relatively 
low and did not differ significantly either in terms of temporal pattern or magnitude (Figure 3a).  
Table 3 highlights that the greater seasonal N2O emissions measured in the CONV treatment 
compared to CONV-DMPP were not due to the emissions measured after top dressing, but to higher 
N2O losses that occurred prior to the top dressing event. Therefore, the higher emission factor of the 
CONV treatment for the wheat season is not directly related to a treatment effect, but to spatial 
variability in NH4+ and NO3- contents prior to top dressing (Figure 2a and Figure 2b) or to different 
soil physical conditions in the proximities of the chambers.  
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On the other hand, the warm and moist soil conditions measured after side dressing maize are 
likely to have promoted a rapid nitrification of the high amount of applied NH4+. At this physiological 
stage (V10) plants in the CONV treatment were only able to use a fraction of the NO3- present in the 
soil. Asynchrony between N supply and plant N uptake resulted therefore in high soil NO3- levels and 
in the high N2O emissions observed in the CONV treatment during this period (Figure 3b). The 
slower rate of nitrification after the application of DMPP urea resulted in a better synchrony between 
NO3- release and plant uptake, and consequently in the lower N2O losses observed in the CONV-
DMPP treatment. As a result, after side dressing the largest N2O fluxes in CONV were double the 
magnitude and longer in duration compared to those in CONV-DMPP (Figure 3b). The amount of N 
lost as N2O from CONV-DMPP was reduced by 77% compared to CONV (Table 3) and is in close 
agreement with several incubation studies (Chen et al., 2010; Suter et al., 2010) that reported average 
abatement rates of DMPP ranging approximately from 60% to 90% under warm and humid conditions 
(>25°, WFPS 60%). In line with the results of this study, Liu et al. (2013) reported significantly 
higher N2O abatement rates of DMPP urea in maize compared to wheat.  
These findings indicate that under subtropical conditions applying DMPP urea has substantial 
scope to abate N2O emissions mainly in the summer season, when the warm and humid soil 
conditions can promote high nitrification and denitrification rates. 
4.4 N2O emission factors and N2O intensities  
The emission factors reported in this study refer to a one year dataset and are influenced by site 
specific conditions. Even if the unpredictability of N2O emissions is taken into account, general 
evaluations regarding emission factors for subtropical cereal-based systems can be established. 
Over the winter season (wheat) emission factors were remarkably low (Table 3), suggesting 
relatively high background emissions. Indeed, N2O emissions measured in the unfertilized treatment 
(CNT) did not differ significantly from those in CONV-ADJ and CONV-DMPP. The elevated 
background emissions were most likely due to the mineralisation of the mungbean residues 
incorporated before sowing wheat and are in line with the results reported for cereals following a 
legume crop by Baggs et al. (2003); Barton et al. (2008) and Gomes et al. (2009). The high 
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background emissions measured in wheat resulted in negative emission factors determined for the 
CONV-ADJ and CONV-DMPP treatments. These values cannot be explained biologically but are due 
to the methodology used for the calculation of emission factors. That is, the cumulative N2O 
emissions from CONV-ADJ and CONV-DMPP did not differ significantly from the CNT treatment 
and therefore emission factors for CONV-ADJ and CONV-DMPP should be considered as zero. 
These results highlight the importance of taking into account local crop management practices when 
calculating emission factors and confirm that relatively small quantities of N are lost as N2O in 
subtropical cereal systems over winter.  
During the maize season the highest emission factor (0.93%) was measured in the CONV 
treatment, while the lowest (0.24%) was measured in CONV-DMPP (Table 3), suggesting that DMPP 
can effectively reduce N2O emissions when the soil conditions are highly conducive for 
denitrification.  
The annual emission factor measured in the CONV treatment (0.69%) was lower than reported 
emission factors from Ding et al. (2007) (0.77%) and Cai et al. (2013) (0.82%) for wheat-maize 
cropping systems fertilised with similar N rates. The efficacy of DMPP in abating N2O emissions was 
confirmed by the annual emission factor of 0.16% measured in the CONV-DMPP treatment. This 
represents one of the lowest annual emission factors reported from fertilized subtropical cereal 
systems. 
Overall, annual emission factors in all treatments were lower than the default values of 1% and 
2.1% of applied N suggested by IPCC (2006) and by the Australian National Greenhouse Accounts 
(2010) for irrigated crops, respectively. However, this comparison has to be treated with caution since 
the emission factors reported in this study refer to only one year of data and are influenced by crop 
management and site specific conditions. 
The efficacy of management strategies in maximizing crop yield and reducing N2O losses is 
assessed through “N2O intensities”, defined as the ratio of N2O emitted as a function of grain 
produced. Even though N2O intensities did not differ significantly across treatments, compared to 
conventional urea DMPP urea significantly reduced annual N2O emissions without negatively 
impacting cumulative yields (Table 3). This was due primarily to the results observed in CONV-
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DMPP during the summer season, when yields were comparable to CONV and total N2O emissions 
were lower than the CONV-ADJ treatment. These findings indicate that the application of DMPP urea 
is a feasible strategy to reduce absolute N2O emissions without compromising crop production. The 
inhibitory effect of DMPP has been reported to last only for several weeks (Pasda et al., 2001). 
Therefore, to achieve results similar to those reported in this study, DMPP urea would have to be 
applied annually at least to the summer crop. 
Fertilizing with DMPP urea added an extra cost of AUD 39 ha-1 but did not provide an increase in 
yield compared to the same N rate with conventional urea. This result was also observed by Díez 
López and Hernaiz (2008) and Weiske et al. (2001a), while Liu et al. (2013) reported that the yield 
increase in the DMPP treatment compared to the urea treatment was limited to 9.1%. However, it 
must be considered that in the CONV-DMPP treatment and in the abovementioned studies the crops 
were fertilized with high amounts of N. Most likely in these treatments N was not a limiting factor for 
plant development and therefore there was no significant scope for DMPP urea to better match plant 
N demand and thus increase crop yield.  
5 Conclusions 
Data gathered in this study indicate that in subtropical cereal systems the summer crop is the 
main contributor to annual N2O emissions. The hot and humid conditions, associated with the high N 
fertiliser rates usually applied in this season can indeed promote emission rates up to fivefold those 
measured in winter. Future strategies aimed at securing subtropical cereal production without 
increasing N2O emissions should therefore focus on the fertilisation of the summer crop. 
Adjusting conventional N fertiliser rates according to the estimation of residual soil N can be an 
effective practice to reduce N2O emissions. On the other hand, this strategy entails the substantial risk 
of yield loss if residual soil N availability is not estimated correctly. This limitation can be overcome 
by taking into account possible immobilisation of soil N following the incorporation of crop residues 
and therefore allowing for a margin of uncertainty when defining the adjusted N rate. 
The application of DMPP urea proved to be effective in abating N2O emissions only in the 
summer season, when conditions are favourable for high nitrification and denitrification rates. 
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Significantly, the extra cost of using this fertilizer was not compensated by an increase in yields, 
meaning that for farmers the use of DMPP urea cannot be regarded as a feasible fertilisation strategy 
unless governmental incentive polices are established. 
Further research is proposed to investigate whether the better synchrony between NO3- release 
and plant uptake achieved with DMPP urea can be used to reduce the N rates tested in this study. The 
diminished N rates would reduce costs associated with fertilisation and further abate N2O emissions 
due to the lower soil N content. 
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